The sugarbeet root maggot, Tetanops myopaeformis Röder (Diptera: Ulidiidae), is native to North America. However, its primary crop host, sugarbeet, Beta vulgaris L., was introduced to the continent from Europe in the late 19th century. This field and greenhouse research was conducted to compare the relative attractiveness of eight cultivated and wild plant species for oviposition by T. myopaeformis, and the suitability of these potential host plants for larval development to elucidate the potential native and current host range of this pest. Results indicated that females preferred ovipositing in soil immediately adjacent to or on the following plant species: sugarbeet; spinach, Spinacia olerocea L.; common lambsquarters, Chenopodium album L.; redroot pigweed, Amaranthus retroflexus L.; Palmer amaranth, Amaranthus palmeri S. Wats.; and to a lesser extent, spear saltbush, Atriplex patula L. Larval survival was greatest on spinach, sugarbeet, and spear saltbush, which all belong to the family Chenopodiaceae. Larval survival on these plants suggests that T. myopaeformis could have exploited wild chenopodiaceous plants or others within the order Caryophyllales before sugarbeet was introduced to North America. Low larval survival on common lambsquarters, redroot pigweed, and Palmer amaranth suggests that these species are suboptimal hosts, despite demonstrated attractiveness for oviposition. A general lack of oviposition preference by T. myopaeformis females was observed for sunflower, Helianthus annuus L., and common ragweed, Ambrosia artemisiifolia L. These results provide insights regarding the successful and somewhat rapid host preference shift by this insect to sugarbeet after cultivation of the crop began in the continent.
Oviposition site selection is one of the key life-history behaviors of oviparous insects (Resetarits 1996) . This behavior involves the female choosing a habitat for her offspring, and the resulting choice is a major determinant in offspring survival, performance, and fitness (Singer 1986 , Mayhew 1997 , Blaustein 1999 , Smyth et al. 2003 . Variation in host plant quality is presumed to affect host selection behavior, and optimality models in evolutionary ecology suggest a close correlation between oviposition preference and offspring performance (Smyth et al. 2003 , Gripenberg et al. 2010 . Anulewicz et al. (2008) indicated that adaptation of an insect to its host plant(s) involves behaviors that influence its choice of plant for oviposition or herbivory, as well as physiological traits that affect its growth and reproduction. Oviposition choice is especially critical for insect species with limited larval mobility. In such cases, offspring survival is driven more by host suitability than offspring host preference because larvae must feed and develop on the host chosen by the adult female (Anulewicz et al. 2008) .
The sugarbeet root maggot, Tetanops myopaeformis (Röder) (Diptera: Ulidiidae), is a major economic pest of sugarbeet, Beta vulgaris L. in the Red River Valley production area of North Dakota and Minnesota, and it can also be a significant pest of sugarbeet grown in Idaho, Nebraska, Montana, Wyoming, Colorado, and the Canadian province of Alberta (Whitfield 1984 , Hein et al. 2009 ). It is capable of causing yield losses that exceed 40% if not effectively controlled (Campbell et al. 1998 , Boetel et al. 2010 ). The pest is believed to be native to North America (Hawley 1922) . However, its most commonly observed larval host plant is sugarbeet, which is an introduced species believed to have originated in the maritime regions of Europe (Ulbrich 1934 , Coons 1936 . Sugarbeet was introduced into North America during the late 19th century, with the first successful production and processing system in the continent having been established in Utah in 1870 (Ware 1880 , Arrington 1966 , Winner 1993 . T. myopaeformis larvae were discovered causing significant injury in several fields near Amalga, UT, in 1920 (Hawley 1922 . Similarly, the sugarbeet root maggot was first observed causing significant damage to Red River Valley sugarbeet fields in 1954; less than 30 yr after the crop was introduced into the production area (Gojmerac 1956 ). As such, it appears that T. myopaeformis populations in two disparate sugarbeet production areas underwent host shifts from native North American plants to sugarbeet after the crop was introduced into the continent.
Many basic aspects of T. myopaeformis biology have been described by previous authors (Hawley 1922, Whitfield and Grace 1985) ; however, very little is known about the extent of its historical or current host plant range. A more thorough understanding of the host range of T. myopaeformis could pose important management implications for this pest. For example, if an alternative weed host common to sugarbeet production areas became herbicide resistant, escape patches of that species in neighboring fields could provide harborage for T. myopaeformis oviposition and larval survival, and thus lead to increased localized infestations when sugarbeet is grown in the fields during the subsequent growing season. A more comprehensive understanding of its host range could also be helpful in refining strategies for surveillance and management of this pest. In this investigation, we conducted field and greenhouse experiments to compare the relative attractiveness of selected cultivated crops and North American weed species for T. myopaeformis oviposition and the suitability of these plants as larval hosts. Overriding goals of this research were to develop a better understanding of the basic ecology of T. myopaeformis and to provide useful information for developing new or improving on existing programs for integrated management of this important insect pest.
Materials and Methods
Field experiments were conducted on natural infestations of T. myopaeformis during the 2010 and 2011 growing seasons near St. Thomas (Pembina County) in northeastern North Dakota. The area regularly experiences some of the highest infestations of this pest in North America. Each site was established on a grower-owned field that had not been planted to sugarbeet for at least 3 yr. The experiment was arranged in a randomized complete block design with eight replications. Individual treatment plots were 7.6 m by 7.6 m monocultures of sugarbeet, Beta vulgaris L.; spinach, Spinacia olerocea L.; sunflower, Helianthus annuus L.; common lambsquarters, Chenopodium album L.; redroot pigweed, Amaranthus retroflexus L.; Palmer amaranth, Amaranthus palmeri S. Wats.; spear saltbush, Atriplex patula L.; and common ragweed, Ambrosia artemisiifolia L. (Table 1) . Plots were planted on 19 May and 2 June in 2010 and 2011, respectively, and all individual plots were separated by 4.6-m-wide plant-free alleys throughout the growing season. Atriplex patula was excluded from testing in 2011 due to poor germination in the seed lot acquired for that year. Sugarbeet was included as a control, and spinach was also included for comparative purposes because T. myopaeformis has occasionally been reported as injuring spinach in Colorado (M.A.B., pers. obs.).
Sugarbeet (Betaseed Inc., Shakopee, MN), spinach (Agassiz Seed Supply, Fargo, ND), and sunflower (Seeds 2000, Breckenridge, MN) were planted at a rate of one seed per 11.4 cm of row length using a commercial John Deere 71 Flex planter (Deere and Company, Moline, IL). Each row crop plot was 12 rows wide with rows spaced 55.8 cm apart. Common lambsquarters seed was acquired from a local stock collection (Plant Sciences Department, North Dakota State University, Fargo). Redroot pigweed, Palmer amaranth, and common ragweed were purchased from Azlin Seed Services (Leland, MS), and spear saltbush seed was obtained from S & S Seed, Inc. (Carpinteria, CA). Seed entries for all weed treatments (i.e., common lambsquarters, redroot pigweed, Palmer amaranth, spear saltbush, and common ragweed) were broadcast-sown at 400 seeds/m 2 using 125-ml plastic bottles that were modified by drilling holes (i.e., 2to 4-mm diameter, depending on the seed size) in the bottoms for seed delivery. Seed was applied by loading a bottle with the appropriate seed type and quantity and shaking it in salt-shaker fashion while walking across the plot to evenly distribute seed across the entire plot area. A 2-m wide conventional harrow section, pulled by an all-terrain vehicle at about 9 km/h was used to incorporate seed into the upper 2 cm of soil. Reproductive structures of all plants in weed plots were removed and destroyed after final fly monitoring and soil sampling procedures to prevent weed infestations in subsequent years.
Fly Activity Monitoring
Adult T. myopaeformis flight activity was monitored in each plot using a modified version of the sticky-stake trap used by Blickenstaff and Peckenpaugh (1976) . Traps were unbaited, and each was composed of a wooden post (5 × 5 × 60 cm) that served as a base to which an orange garden stake (2.5 × 30 cm) was stapled. Trap deployment involved positioning each post such that the base of the orange garden stake was about 30 cm above the ground, and then applying a layer of Tanglefoot (The Tangle Foot Co, Grand Rapids, MI) adhesive trap-coating material to the orange garden stake portion. One trap was maintained in the center of each treatment plot throughout the T. myopaeformis adult activity period (i.e., late-May through mid-July). Traps were checked three times per week each year. All captured insects were removed from stakes at each check, and adhesive coating was reapplied regularly to ensure that a sufficiently adhesive surface was maintained on traps throughout the fly activity period. Voucher specimens were deposited in the North Dakota State Insect Reference Collection on the North Dakota State University campus in Fargo, ND.
Soil Core Sampling
Soil sampling was carried out each year to determine T. myopaeformis oviposition preference, and to measure larval establishment and survival rates in the treatments as the growing season progressed. Soil samples were collected at four times each year to coincide with peak presence of eggs and individual larval stadia. Sampling for eggs was conducted on 8 and 20 June in 2010 and 2011, respectively. This was about 10-11 d after fly activity had begun, and within 1 d of peak fly activity each year. Soil core sampling for first-, second-, and third-instar larvae in 2010 was carried out on 15 June, 7 July, and 26 July, respectively. In 2011, procedures to recover the same respective larval stadia were done on 30 June, 15 July, and 28 July. At each sampling, the tops of four randomly selected plants from within each treatment plot were removed, and a stainless steel soil core sampler (i.e., 5-cm diameter) was used to collect all soil surrounding the base and root of each plant to a depth of 3 cm. This depth was chosen to minimize the volume of unneeded soil for sample processing because T. myopaeformis flies typically deposit nearly all eggs within the upper 0.5-1.3 cm of soil (Hawley 1922 , Harper 1962 . All samples were placed in Ziploc (SC Johnson & Son, Racine, WI) resealable plastic bags and placed into a plastic cooler at room temperature (i.e., 25°C) for transport to the laboratory. Samples were subsequently placed into laboratory storage and maintained at 5°C pending processing. The same collection procedures were followed for collection of first-instar larvae. Sampling for second-and third-instars involved a similar procedure; however, a larger (i.e., 10-cm diameter × 15 cm) golf cup cutter was used to collect the samples, and the sampler was driven into the ground to a depth of 15 cm. The larger core sampler and increased sampling depth were employed to increase the likelihood of recovering all larvae present for two reasons: 1) roots of later-season plants were larger in diameter and extended deeper below the soil surface than those sampled during egg sampling; and 2) later-instar larvae have increased propensity to 'stray' from the plant's immediate rhizosphere, especially if several larvae are present in the same microsite (M.A.B., pers. obs.). All soil samples collected for larval recovery were bagged, transported, and stored as described above for soil samples collected for egg recovery.
Greenhouse Experiments
Attempts to rear T. myopaeformis through its entire life cycle on artificial diets or using artificial growth media in the laboratory have been largely unsuccessful due to low rates of larval survival past the first instar. Previous research suggests that the sugarbeet root maggot benefits nutritionally from microbial associations that are probably lacking in laboratory diets (Jarvi 1978) and, in all likelihood, rearing environments created by using commercially available potting soil. Therefore, field-collected and unsterilized soil, obtained from areas that consistently support high root maggot infestations, was used to raise plants for greenhouse experiments to increase the likelihood of microbes being present to aid larval survival and development throughout the duration of the experiments. Plants were maintained under greenhouse conditions (i.e., 25 ± 2°C, 70 ± 5% RH, and a photoperiod of 15:9 [L:D] h). Each potted plant was supplied with 3 g of Multicote 4 (14-14-16 + minor nutrients) multipurpose controlled-release fertilizer (Sungro Horticulture, Bellevue, WA), and all pots were watered regularly with the same quantity on an as-needed basis.
Insects
Choice and no-choice tests were conducted on T. myopaeformis adult flies reared from third-instar larvae that had been collected from northeastern North Dakota sugarbeet fields in September of 2009. Larvae were subsequently maintained in cold laboratory storage at 5°C for a minimum of 10 mo to break diapause and synchronize subsequent pupation and adult eclosion. To obtain adult flies for oviposition preference screening, postdiapausal larvae were placed into plastic containers containing silica sand moistened with distilled water, then placed into a rearing chamber and maintained at a temperature of 22 ± 1°C for pupation. Pupae were removed from plastic pupation containers and placed into petri dishes (9-cm diameter × 1.5-cm high) on moistened filter paper, and then returned to the rearing chamber at 25 ± 1°C, 70 ± 5% RH, and a photoperiod of 15:9 (L:D) h to allow for emergence. Newly emerged flies were used for all testing. Eggs used for the no-choice larval survival test were obtained from laboratory-reared flies that had initially been collected in the field as third-instar larvae during the preceding growing season. Egg collection was carried out by maintaining flies in plastic oviposition containers (9-cm diameter base × 14-cm high × 10-cm diameter top rim) equipped with screw-top lids. Six holes (1.5-cm diameter) were cut into the wall of each container and covered with nylon screens (0.5-mm mesh) for ventilation, and an additional hole on the lid was used to insert a vial containing distilled water. The vial was plugged with a cotton dental wick to provide a moisture source for flies. A Petri dish (9-cm diameter × 2.5-cm high), filled with a solidified mixture (i.e., 4:1) of plaster of Paris and black, autoclaved, field-collected soil, was placed below the screened base of each oviposition container to serve as an oviposition plate to facilitate egg collection. A cotton cloth, dampened with distilled water, was placed on the surface of each oviposition plate. This provided a surface on which females could oviposit, with eggs ultimately being deposited below the cloth onto the hardened plaster of Paris/soil mixture. Flies were provided a diet mixture consisting of honey, autolyzed brewer's yeast (ICN Biochemicals, Cleveland, OH), cholesterol (ICN Biochemicals), and distilled water (20 g, 5 g, 0.063 g, and 2 ml, respevtively). Eggs used to infest plants in the greenhouse were removed from oviposition plates with a small, moistened artist's brush (Series 9010, Jack Richeson and Co., Inc., Kimberly, WI). Egg infestations were carried out on runs of one to two replicates each to ensure availability of an adequate supply of eggs for concurrently infesting all treatments within individual replicates.
Choice Oviposition Preference Test
A choice test was carried out twice (i.e., choice tests 1 and 2) in the greenhouse to determine T. myopaeformis oviposition preference. Pots containing plants at the four-to six-leaf stage (i.e., typical stage when T. myopaeformis fly activity and oviposition begin under field conditions) were placed in 60 × 60 × 60-cm aluminum-framed cages fashioned with white nylon mesh (250 m) screen (American Biological Supply Co., Baltimore, MD). A pair of pots was prepared for each treatment (i.e., plant species) within a replicate, and each pot contained a single plant. The experiment was arranged as a randomized complete block design containing four replications of the treatments, and each cage containing one pair of pots of each treatment was considered a replicate. A 60 × 60-cm sheet of flat black foam rubber, prepared with eight equally spaced holes (11-cm diameter) that were cut to fit tightly around each pot, was positioned over the block of pots inside the arena around the pots to simulate the flat black soil surface that flies typically experience under natural conditions in the Red River Valley sugarbeet production area. Twenty unmated T. myopaeformis flies (i.e., 10 females and 10 males), all of which had eclosed within the previous 24 h, were released from a central location within each cage to ensure that all had an equal chance of choosing a particular plant species treatment on which to mate and/or oviposit. Flies were maintained in the arenas at 25 ± 1°C, 70 ± 5% RH, and a photoperiod of 15:9 (L:D) h. They were allowed to mate and oviposit for 7 d, after which the soil in the top 2.5 cm of each pot was collected and stored at 5°C pending sample processing for the presence of T. myopaeformis eggs.
No-Choice Oviposition Test
A no-choice oviposition test was conducted twice in the greenhouse in 2011 to determine suitability of the aforementioned plant habitat treatments for oviposition by T. myopaeformis flies when no other plant habitat options are available. Treatments were arranged in a randomized complete block design with four replications. Experimental units were two individually potted plants grown using pots similar to those described in the choice preference study; however, the cages placed over pots consisted of 2-liter beverage containers with the bases removed and six 2.5-cm holes cut into the walls of each that were covered with nylon mesh screen for ventilation. These tests were conducted under the same conditions as described above for the choice test, except four unmated flies (i.e., two males and two females) were introduced into each cage that contained a single test plant at about the four-to six-leaf developmental stage. Flies were allowed to mate and oviposit for 5 d, after which all soil in the top 2.5 cm of each pot was collected and stored at 5°C pending sample processing for the presence of T. myopaeformis eggs.
No-Choice Larval Survival Test
A no-choice greenhouse screening test for larval survival was conducted twice (i.e., spring and fall of 2011) by directly infesting potted crop and weed plant species (i.e., those screened in field testing) with T. myopaeformis eggs. Potted plants were grown under the same conditions as described for the oviposition preference choice experiment. Treatment plots were single pots, each containing an individual plant, that were arranged in a randomized complete block design with six and seven replications in no-choice larval tests 1 and 2, respectively. Each potted plant was infested around its base with 50 eggs (no-choice test 1) and 100 eggs (no-choice test 2) at the four-to six-leaf stage (i.e., typical stage when most egg laying occurs in the field). All eggs used for both no-choice tests were <24 h old when pots were infested. All pots were maintained in the greenhouse at 25 ± 1°C, 70 ± 5% RH, and a photoperiod of 15:9 (L:D) h. The eggs were left to hatch, and resulting larvae were allowed to feed and develop for 6 wk, after which all pots were examined for live larvae.
Soil Sample Processing
Each soil sample (i.e., soil cores from field plots and soil from choice and no-choice greenhouse oviposition tests) was initially processed for the presence of eggs by placing it on a plastic tray and performing a visual examination. All soil from the sample was then floatation-washed by running tap water through a polycarbonate plastic column (8-cm diameter × 27-cm high) (Interstate Plastics, Sacramento, CA) equipped with a 5-cm outlet spout, evacuating the entire sample from the spout, and sequentially passing it through No. 45 (355 µm ) and No. 60 (250 µm) ) sieves (Newark Wire Cloth Co., Newark, NJ). The sieves were then suspended in a rectangular (30 × 25 × 9.5 cm) stainless steel dish (National Sanitation Foundation, Dallas, TX) that was filled to about 50% capacity with clean tap water. All remaining eggs were recovered using a small, dampened artist's brush (Series 9010, Jack Richeson and Co., Inc.) with the aid of a 10× magnifying glass. All recovered eggs were individually placed on a petri plate covered with a distilled water-dampened black cotton cloth, and then counted under a microscope at 10× magnification.
To quantify larval survival rates, individual soil cores were examined by manually sifting through and visually inspecting all soil, and recording the total number of live larvae present. Samples were examined by using a lighted 5× desktop magnifier (Model 8MC 100, Dazor Lighting Technology, Maryland Heights, MO).
Data Analysis
Fly, egg, and larval sampling data were analyzed by using the general linear models procedure (SAS Institute 2008). Means were separated by using Fisher's Protected Least Significant Difference test at an alpha level of 0.05.
Results

Field Experiment
T. myopaeformis Fly Activity
In 2010, T. myopaeformis flies were first detected on 28 May, and flight activity persisted in the plot area for slightly more than 4 wk. Fly activity peaks occurred on 1 and 7 June, and the activity period had ceased by 8 July. Weekly fly counts from sticky-stake traps did not generate significant differences (P > 0.05; statistical comparisons not shown) among plant species habitat treatments during the 2010 growing season (Table 2) ; however, these data substantiated the presence of an adequate number of flies in all treatment plots for the experiment. Fly densities in 2011 were substantially greater than those observed in 2010, and emergence occurred later in the second year due to extended periods of cool and windy early-spring weather that delayed flight activity. In 2011, fly captures on traps began on 10 June. Activity peaks occurred on 20 and 27 June, and 4 July, and activity had ceased by 13 July. Similar to 2010, there were no significant differences (P > 0.05) in weekly fly counts among the treatments in 2011. Thus, no statistical comparisons are shown. Week 1
Week 2 Week 3 Week 4 Week 1 Week 2 Week 3 Week 4   Sugarbeet  189  171  97  32  4  351  359  58  Spinach  186  151  72  35  4  339  300  47  Sunflower  167  159  77  30  4  334  298  62  Common lambsquarters  187  142  72  32  5  347  303  47  Redroot pigweed  178  161  70  30  3  361  300  52  Palmer amaranth  178  158  87  28  4  366  281  49  Spear saltbush  180  156  68  31  Common ragweed  173  153  70  28  4  351  350  48 Oviposition Preference Results from soil sampling procedures in 2010 (Table 3) indicated that T. myopaeformis females deposited significantly (F = 6.51; df = 7, 49; P < 0.0001) more eggs in sugarbeet, spinach, and Palmer amaranth than in any of the other plant habitats tested; however, there were no differences among these treatments with respect to oviposition rates. Soil samples collected from common ragweed and sunflower habitats contained numerically lower numbers of eggs than all other treatments in 2010; however, these treatments did not differ significantly in relation to oviposition rates from lambsquarters, redroot pigweed, or spear saltbush in 2010. Oviposition preference varied significantly (F = 10.76; df = 6, 42; P < 0.0001) among plant species in 2011. The largest numbers of eggs were recovered from redroot pigweed and common lambsquarters habitats. These plant species incurred significantly greater rates of oviposition than sugarbeet, sunflower, Palmer amaranth, and common ragweed. Relatively large numbers of eggs were also recovered from soil samples collected in spinach and sugarbeet plots, and those plant microhabitats contained significantly greater numbers of eggs per sample than sunflower and common ragweed. Similar to our 2010 results, T. myopaeformis females deposited the lowest numbers of eggs in sunflower and common ragweed plots in 2011.
First Instars
In 2010, significantly (F = 31.79; df = 7, 49; P < 0.0001) greater numbers of live first-instar larvae were recovered from common lambsquarters habitats than all other treatments except sugarbeet (Table 3) . Other habitats in which the numbers of first instars recovered were not significantly different from that of sugarbeet included spinach, redroot pigweed, Palmer amaranth, and spear saltbush. Significantly lower numbers of first-instar larvae were recovered from sunflower and common ragweed habitats than from all other treatments in 2010. In 2011, significantly (F = 7.00; df = 6, 42; P < 0.0001) more first instars were recovered from common lambsquarters than any other plant species habitat. Similar to the results from 2010, significantly more first-instar larvae were collected per core sample in sugarbeet, spinach, and redroot pigweed habitats than in sunflower and common ragweed.
Second Instars
Soil sampling results from 2010 indicated that significantly (F = 4.97; df = 7, 49; P = 0.0003) more second-instar larvae were collected from spinach plots than from any other plant habitat in the experiment (Table 3) . Additionally, sugarbeet and spear saltbush plots had significantly greater numbers of surviving second instars than sunflower and common ragweed. Similar to the 2010 findings, significantly more (F = 43.95; df = 6, 42; P < 0.0001) second instars were recovered from spinach plots than from any other plant species habitat in 2011. More second-instar larvae were collected from sugarbeet habitats than those of any other treatment except spinach in 2011. No second instars were detected in samples collected from sunflower plots in either year of the experiment. Similarly, second-instar larvae were at very low densities per sample in common ragweed in 2010, and none were recovered from ragweed plots in 2011.
Third Instars
Significantly (F = 16.85; df = 7, 49; P < 0.0001) greater numbers of third-instar T. myopaeformis larvae were recovered from spinach plots than any other plant species in 2010 (Table 3 ). The second-highest number of third instars in 2010 was recovered from sugarbeet plots. Host habitats that did not differ significantly from sugarbeet in 2010 with regard to numbers of surviving third-instar larvae included spear saltbush, common lambsquarters, and redroot pigweed. Plant habitats in which larval survival to the third instar was significantly lower than that in sugarbeet during 2010 included sunflower, Palmer amaranth, and common ragweed. Soil sampling for third-instar T. myopaeformis larvae during the 2011 growing season generated similar results to those from the first study year, but fewer statistical differences were detected among treatments. A significantly (F = 39.01; df = 6, 42; P < 0.0001) greater number of surviving third instars were recovered from core samples collected in spinach plots than from any other plant habitat in 2011, and sugarbeet plots had greater densities of third instars than all other treatments except spinach. Also reflective of the 2010 results was that common ragweed did not appear to support larval development to the third instar. Additionally, no third-instar larvae were detected in sunflower plots in 2011.
Greenhouse Experiments
Oviposition Preference Choice Tests Oviposition preference was highly variable among the plant species treatments tested in choice test 1. Sugarbeet root maggot flies deposited significantly (F = 2.75; df = 7, 21; P = 0.0344) greater numbers of eggs in pots containing sugarbeet plants than in those containing sunflower and Palmer amaranth plants, as well as the bare-soil control (Table 4 ). Oviposition rates on spinach, common lambsquarters, redroot pigweed, and spear saltbush were not significantly different from that observed for sugarbeet. Intermediate numbers of eggs were deposited in redroot pigweed pots, as those numbers were not significantly different from both sugarbeet and the bare-soil control. Moderate numbers of eggs were also recovered from Palmer amaranth pots; however, that treatment was not significantly different from sunflower or the bare-soil control, which received the lowest levels of oviposition in the experiment.
In choice test 2, T. myopaeformis flies deposited significantly (F = 4.29; df = 7, 21; P = 0.0044) greater numbers of eggs in Palmer amaranth than in sugarbeet, spinach, sunflower, redroot pigweed, and the bare-soil control (Table 4 ). Relatively high rates of oviposition also occurred in common lambsquarters and spear saltbush, and the numbers of eggs recovered in these treatments were not significantly different from those recorded for sugarbeet, spinach, Palmer amaranth, or redroot pigweed. Similar to our findings from the first choice test, T. myopaeformis flies had a very low oviposition preference for sunflower and bare-soil microhabitats in choice test 2 (Table 4) .
No-Choice Oviposition Tests
A folded F-test in the original analysis of data from no-choice tests 1 and 2 generated a non-significant (P > 0.05) test-by-treatment interaction, thus indicating that the two data sets could be combined for subsequent analysis. The combined analysis indicated that, despite being presented with no-choice monoculture settings for egg deposition, oviposition rates varied considerably among plant species treatments. Overall, low to moderate numbers of sugarbeet root maggot eggs were recovered from treatment pots in the no-choice test. Flies deposited numerically more eggs in pots containing spinach plants than in any other treatment ( Table 5 ). The oviposition rate in pots containing spinach plants was significantly (F = 2.22; df = 7, 49; P = 0.0488) greater than those in pots containing sunflower and redroot pigweed plants, and it was the only treatment that contained statistically more eggs than the bare-soil control. Other treatments that incurred oviposition rates that were not statistically different from spinach included sugarbeet, spear saltbush, common lambsquarters, and Palmer amaranth. Sunflower was the only plant species in no-choice testing that incurred a significantly (F = 2.22; df = 7, 49; P = 0.0488) lower oviposition rate than sugarbeet.
No-choice Larval Survival Tests
In the first no-choice larval survival test, significantly (F = 11.08; df = 6, 30; P = <0.0001) greater numbers of live T. myopaeformis larvae that developed to the third instar were recovered from pots containing sugarbeet and spear saltbush than any other plant species tested (Table 6 ). Moderate to low numbers of surviving third instars were recovered from pots containing spinach, common lambsquarters, redroot pigweed, and Palmer amaranth; however, survival rates on these plants were not statistically different from sunflower, from which no live larvae were recovered.
In the second no-choice larval survival test, significantly (F = 9.22; df = 6, 30; P = <0.0001) greater numbers of larvae achieved development to the third instar in pots containing sugarbeet, spinach, and spear saltbush than in all other entries (Table 6) . Interestingly, significantly greater numbers of live third instars were recovered from spear saltbush pots than those containing sugarbeet plants, and the mean number of surviving larvae recovered from spinach pots was not statistically different from that of sugarbeet pots. Low numbers of third instars were recovered from common lambsquarters and redroot pigweed. Means for those entries were not significantly different from Palmer amaranth or sunflower, from which no live third-instars were recovered in no-choice larval test 2.
Discussion
Results from sugarbeet root maggot fly activity monitoring indicated that, although much higher fly densities occurred in the second year of the experiment, sufficient levels of fly activity were present during both study years. There were no statistical differences in cumulative fly activity levels between plant species treatments in either year; however, oviposition rates were greatest in sugarbeet, spinach, and Palmer amaranth in 2010, and in sugarbeet, spinach, common lambsquarters, and redroot pigweed in 2011. These results suggest that, although T. myopaeformis adults apparently visit multiple plant species during the fly activity period, possibly for harborage, mate selection and copulation, or in host-searching efforts, the microhabitats provided by plant species belonging to the families Chenopodiaceae and Amaranthaceae appeared to be most attractive for oviposition by females. Another consistent finding across years was that the lowest egg densities were observed in common ragweed and sunflower, which both belong to the family Asteraceae. This finding clearly indicates that microhabitats at the bases of these plant species, and likely other members of the Asteraceae as well, are not preferred for oviposition by T. myopaeformis females. Means within a column sharing a letter are not significantly different (P > 0.05; Fisher's protected least significant difference test). Mahrt and Blickenstaff (1979) suggested that T. myopaeformis females are not selective in their oviposition when in the vicinity of a suitable host plant. This behavior was not apparent in the field trials or greenhouse-based oviposition choice assays of our investigation. Our results suggest that females do discriminate when selecting an oviposition site. Females in our experiments preferentially oviposited in spinach and sugarbeet plots, and to a lesser extent, common lambsquarters, redroot pigweed, Palmer amaranth, and spear saltbush; however, they did not exploit common ragweed or sunflower microhabitats for oviposition.
Another behavior observed in other insect species is that females will mark a host plant after oviposition to alert conspecifics that the plant, or its immediate microsite, has already been colonized (Stelinski et al. 2009 ). Gojmerac (1956) observed individual sugarbeet root maggot females carrying up to 200 eggs at a time, with a modal value of between 100 and 110 eggs per female. Similarly, Hein et al. (2009) suggested that individual females are capable of laying up to 200 eggs in their lifespans. In the present study, we commonly observed 300 or more eggs per individual plant soil sample. Although our study was not aimed at determining individual fly fecundity or whether more than one fly will choose the same plant for oviposition, these results could suggest that microsites surrounding individual plants were frequently exploited for oviposition by more than one female. Therefore, these results also could suggest that T. myopaeformis females do not engage in host-marking behavior in relation to oviposition.
Current evolutionary theory on the relationship between oviposition preference and offspring survival in herbivorous insects suggests that females of some species selectively oviposit in microhabitats that can allow subsequent feeding and survival of their offspring (Harris et al. 2001 , Schoonhoven et al. 2005 . Our results suggest that this phenomenon occurs, to some degree, in T. myopaeformis. In our field experiment, females preferentially oviposited near the bases of sugarbeet, spinach, Palmer amaranth, common lambsquarters, and redroot pigweed. In greenhouse choice-based assays, T. myopaeformis females preferred pots containing those same species, as well as spear saltbush. However, despite our observations of relatively high oviposition rates also occurring in those plant species treatments, larval progression to the third instar was most successful in the field study on spinach, sugarbeet, and, to a lesser extent, spear saltbush. Similarly, in our no-choice greenhouse testing, larval survival to the third instar was significantly greater on these species than the other treatments. Larval survival on the remaining species was low in both field and no-choice greenhouse experiments. As such, our results with T. myopaeformis did not completely support the aforementioned theory. Although some survival of T. myopaeformis larvae to later instars is possible by feeding on these species, they appear to be suboptimal as hosts for complete larval development when compared to spinach, sugarbeet, and spear saltbush.
One theory proposed to explain such inconsistencies is the Chemical Similarity model (Forister et al. 2009 ), which suggests that a female will deposit eggs on or near a novel plant because it emits similar physicochemical cues to those of the principal host, regardless of whether the alternatively chosen plant is a suitable resource for offspring survival. Oviposition preference data from our study suggests that common lambsquarters, redroot pigweed, Palmer amaranth, and spinach, all belonging to the order Caryophyllales, could have produced similar physiochemical cues to those of sugarbeet that accordingly stimulated female T. myopaeformis flies to oviposit on these plants; however, that potential phenomenon was not a focus of our experiments.
Results from greenhouse oviposition tests indicated that female sugarbeet root maggot flies behaved differently between choice and no-choice tests. In choice tests, females preferred sugarbeet and the aforementioned alternate host plants for oviposition, and avoided laying eggs in sunflower and bare-soil habitats. Those findings suggest that females were able to discriminate between viable or similar, albeit less suitable, plant species and non-hosts. However, in the no-choice test, eggs were deposited in all treatments, including the bare-soil control. The apparent willingness of T. myopaeformis females to oviposit at the bases of otherwise non-preferred hosts and bare soil could be related to the rather short (i.e., 7-10 d) adult lifespan of this species (K.R.M., pers. obs.). According to Rosenheim et al. (2008) , this less-discriminant oviposition behavior in nonor limited-choice scenarios is not uncommon in other short-lived insects. Those authors suggested that oviposition behavior is governed by egg load and time or host limitation, which are balanced against reproductive advantages when an oviparous insect makes reproductive decisions such as oviposition choice. Oviposition behavior optimality models predict that time-limited females are less discriminating in oviposition choice than egg-limited females (Rosenheim et al. 2008) . This phenomenon could have played a role in the oviposition behavior of T. myopaeformis we observed on plants in no-choice settings that were not otherwise accepted by females in the field experiment and in choice-based oviposition preference tests. The fact that oviposition occurred on less-or non-preferred hosts under greenhouse conditions in our no-choice tests suggests that T. myopaeformis females are more likely to oviposit at the bases of less-preferred host plants than to retain and/or resorb their eggs if a preferred host plant habitat is not located.
In no-choice tests, T. myopaeformis larval survival was generally low for all plant species, including sugarbeet (i.e., about 11%), especially considering the number of eggs used (i.e., 50 and 100 eggs per plant for no-choice tests 1 and 2, respectively). Larval survival to the third instar on spear saltbush (14.6-19.7% in no-choice larval tests 1 and 2, respectively) and spinach (17.2% in no-choice test 2) was comparable to that on sugarbeet. The relatively low survival across all treatments, despite high egg infestation rates, also could have resulted from an inadequate concentration or assemblage of live microbial symbionts in the field-collected soil used in our assays. Jarvi (1978) indicated that sugarbeet root maggot larvae appear to benefit nutritionally from association with soil-borne bacterial symbionts belonging to the families Pseudomonadaceae and Enterobacteriaceae, especially during early stages of larval development. Iverson (1984) observed the presence of bacterial symbionts Serratia liquefaciens Grimes and Hennerty and S. marcescens Bizio in all developmental stages of T. myopaeformis, and also discovered associations of Pseudomonas maltophilia (Hugh and Ryschenkow) Hugh with the insect's larval gut, the inner puparial surface, and the chitinous wall of the puparium. Regardless of those potential environmental impacts on the test insects in our investigation, soil used for all tests was obtained from the same source, and all pots were treated identically throughout each experiment. Despite this environmental homogeneity in our testing, plant species evaluated demonstrated clear differences in relative suitability to support larval development in T. myopaeformis.
The results of our study are somewhat supportive of the findings of Kruger (1986) who observed that spinach and a different species of Atriplex (i.e., A. subspicata (Nutt.) Rydb.) from the one evaluated in our study (i.e., A. patula) also appeared to be capable of serving as host plants for T. myopaeformis larvae. As such, it is reasonable to speculate that T. myopaeformis could have exploited plants within the genus Atriplex before the introduction of sugarbeet into North America, as some species are native to the continent and common throughout the western United States (USDA-NRCS 2017). Host range flexibility was also reported for three ulidiid species known to infest corn, Zea mays L. (Goyal et al. 2012) . Those authors observed oviposition and successful development for three ulidiid species on several non-corn plant species within diverse Florida cropping systems; however, none of those ulidiids belonged to the genus Tetanops that includes the sugarbeet root maggot.
Our findings on T. myopaeformis do not specifically confirm individual species that the pest would have exploited as native hosts before the introduction of sugarbeet to North America; however, the low survival on weed species tested could indicate that the Novel Superiority model of Forister et al. (2009) was at play in the relatively rapid shift of this pest to sugarbeet as its key host. The model suggests that oviposition on a novel plant that was not initially highly preferred by ovipositing females, but is suitable or even superior as a larval host, can promote selection for the novel plant becoming a preferred host.
Although spinach appeared to be attractive for T. myopaeformis oviposition and also suitable for larval development, its significance as an alternate host for this pest is unclear. Spinach is a widely distributed vegetable garden plant throughout much of North America. It is also grown commercially for both the fresh market and processing in the continent; however, nearly 90% of U.S. production occurs in California, Arizona, New Jersey, Texas, and Oklahoma (USDA-NASS 2014), none of which are considered as being within the current range of T. myopaeformis.
The demonstrated ability of T. myopaeformis to survive to the third instar (i.e., the insect's overwintering stadium) on the above-mentioned plant species suggests some important points.
First, it appears that the sugarbeet root maggot could have exploited members of the genus Atriplex and/or other species within the order Caryophyllales, which includes the families Chenopodiaceae and Amaranthaceae, before sugarbeet was introduced to the continent. It is also plausible that plants within this order could be contributing to T. myopaeformis infestations in current sugarbeet production systems. However, the extent or impact of this phenomenon on production is currently unknown. The potential development of herbicide resistance in weed hosts of T. myopaeformis, although not yet confirmed in any of the species that supported larval development in our experiments, could present future challenges for managing this pest. Escape patches of herbicide-resistant T. myopaeformis weed hosts in neighboring fields could provide harborage for adults and oviposition sites for females, thus potentially leading to increased localized infestations in nearby sugarbeet fields during the subsequent growing season.
It is also possible that the exploitation of these alternative host plant species could be facilitating genetic mixing through random mating between the progeny of insecticide-exposed individuals that colonize sugarbeet microhabitats with progeny from nonexposed adults that preferentially oviposit in alternative host plant habitats. A potential benefit of this mixing could be delayed development of resistance to acetylcholinesterase-inhibiting insecticides. These materials have been used to manage T. myopaeformis in the Red River Valley growing area for over four decades (Smith 1971) , with many fields in the more problematic areas receiving two to three applications per growing season (Lueck et al. 2017 ). Yet, despite this intensive selection pressure, insecticide resistance was not evident in bioassays conducted by Armstrong et al. (1999) on Red River Valley populations of T. myopaeformis, and production practice surveys continue to indicate high rates of grower satisfaction with the performance of these materials for controlling this pest (Lueck et al. (2017) .
The ability of an insect to locate and successfully exploit a suitable host plant has a strong influence on its fitness. Results of this study suggested that weed species such as spear saltbush, common lambsquarters, and redroot pigweed appear to express similar physiochemical cues to those of sugarbeet that attract T. myopaeformis flies and stimulate them to oviposit near or on these plants. However, larval survival on some weed species was very low, thus suggesting that they express other traits that either impede larval establishment or impair larval development. Future research, aimed at incorporating such traits into sugarbeet germplasm, could lead to the development of varieties that express tolerance or resistance to T. myopaeformis larval feeding injury. Additional research is also needed to better understand the mechanism of host plant finding by T. myopaeformis flies. Such information, in addition to that presented herein, could be helpful in the future development of alternative (e.g., attract-and-kill) strategies for T. myopaeformis management.
